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The R factor (0.294) of the MD-refined 
structure is somewhat higher than the R 
factor (0.258) of the manually refined struc- 
ture without solvent and with constant tem- 
perature factors; minor model-building is 
required to correct this difference. The re- 
finiment required approximately 1 hour of 
central processing unit (CPU) time on a 
CRAY 1; structure factor calculations ac- 
counted for about half this time. 

As a control. the initial NMR-derived 
structure was refined without rebuilding by 
a restrained least-squares method (2) that 
started at 4 A resolution and then increased 
the resolution to 3 A, and finally to 2 A. The 
R factor dropped to 0.381, but the very bad 
stereochemistry and large deviation from the 
manually refined structure (Table 1) indicat- 
ed that this structure did not converge to the 
correct result; residues 34 to 40 did not 
move (Fig. 1) and substantial model-build- 
ing would be required to correct the struc- 
ture. Thus, restrained least-squares refine- 
ment in the absence of model-building did 
not produce the large conformational 
changes that occurred in MD-refinement. 

In another application, MD-refinement 
was used with human a-lactalbumin, a pro- 
tein composed of 123 amino acids, for 
which an initial structure had been obtained 
by molecular replacement using baboon a- 
lactalbumin, phasing with the molecular re- 
placement model and preliminary model- 
building (14); conventional refinement had 
not been done. The initial and the MD- 
refined structure have R factors of 0.537 and 
0.276 at 2.5 A resolution, respectively; the 
deviations of bond lengths from ideality of 
the initial and the MD-refined structure are 
0.042 and 0.034 A, respectively. The rms 
difference between the initial and MD-re- 
fined structure is 1.06 A and 2.05 A for 
backbone and side chain atoms, respectively; 
eight atoms moved by more than 5 A during 
the MD-refinement. 

The applicability of the method to a case 
for which a good initial model is available 
was examined by using MD-refinement with 
the a-amylase inhibitor Hoe-467A, a pro- 
tein composed of 74 amino acids, for which 
high-resolution x-ray diffraction data and a 
refined structure exist (15); the results are 
given in Table 1. The initial structure was 
built from an isomorphous-replacement 
electron density map and has a relatively low 
R factor (0.405 at 2.06 A resolution). MD- 
refinement was performed at 2.06 A resolu- 
tion for 2.5 psec followed by minimization. 
MD-refinement produced a better R factor 
than least-squares refinement without mod- 
el-building (0.271 compared to 0.305, see 
Table 1) and the same value as manual 
model-building without solvent and with 
constant temperature factors. 
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Thunderstorms: An Important Mechanism in the 
Transport of Air Pollutants 

Acid deposition and photochemical smog are urban air pollution problems, and they 
remain localized as long as the sulfur, nitrogen, and hydrocarbon pollutants are 
confined to the lower troposphere (below about l-kilometer altitude) where they are 
short-lived. If, however, the contaminants are rapidly transported to the upper 
troposphere, then their atmospheric residence times grow and their range of influence 
expands dramatically. Although this vertical transport ameliorates some of the effects 
of acid rain by diluting atmospheric acids, it exacerbates global tropospheric ozone 
production by redistributing the necessary nitrogen catalysts. Results of recent 
computer simulations suggest that thunderstorms are one means of rapid vertical 
transport. To test this hypothesis, several research aircraft near a midwestern thunder- 
storm measured carbon monoxide, hydrocarbons, ozone, and reactive nitrogen com- 
pounds. Their concentrations were much greater in the outflow region of the storm, 
up to 11 kilometers in altitude, than in surrounding air. Trace gas measurements can 
thus be used to track the motion of air in and around a cloud. Thunderstorms may 
transform local air pollution problems into regional or global atmospheric chemistry 
problems. 

0 ZONE (03)  CONTROLS MUCH OF 

the chemistry of the global atmo- 
sphere. When the sun shines on air 

polluted with automobile exhaust, photo- 
chemical reactions of nitrogen dioxide 
(NO2), nonmethane hydrocarbons, and car- 
bon monoxide (CO) produce "Los Ange- 
les-type smog" containing high concentra- 
tions of O3 and other oxidants. When these 
oxidizing agents then react with NO2 to 
form nitric acid (HN03)  and with SO2 to 
form sulfuric acid (&So4), acid rain can 
result. On a local scale, photochemical smog 
and acid rain (more accurately called acid 
deposition) are serious environmental prob- 
lems; how far these phenomena extend on 
the regional or global scale is a major unan- 
swered question in atmospheric sciences (1- 
3). 

Pollutants travel farther at higher alti- 
tudes. In the lowest kilometer of the atmo- 
sphere, the planetary boundary layer (PBL), 
friction with the earth's surface reduces 
wind speeds. A temperature inversion often 
isolates the air at the top of the PBL from 
the rest of the troposphere; the troposphere, 
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extending from the surface to -14 km, is 
the layer of the atmosphere where essentially 

wkather occurs. - 
The residence times and transport dis- 

tances of nitrogen and sulfur pollutants are 
shortest in the PBL. Over North America 
and Europe, NO2, NO, and SO2 are re- 
leased into the PBL, primarily as a by- 
product of combustion. Destruction of 
hese compounds occurs predominantly 
through deposition on the earth's surface, 
either directly or after oxidation to H2SO4 

Fig. 1. Meteorological analysis of the research 
area for 10:OO CST, 15 June 1985. A synthesis of 
the Oklahoma City, OK, and Monett, MO, radars 
is superimposed. Level 5 indicates very heavy 
rain. The outer boundary depicts the horizontal 
extent of the cloud as indicated by satellite infra- 
red images. One degree of longitude subtends 90 
km at 35"N. Line A-B represents the approximate 
fight track of the research aircraft and depicts the 
vertical plane along which the thunderstorm was 
sectioned to produce Fig. 2. 

and HN03.  These sinks are also greatest in 
the PBL where the relatively warm tempera- 
tures, high humidity, and proximity to the 
earth's surface lead to rapid removal of 
sulfur and nitrogen compounds. When pol- 
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lutants are released in or transported to the 
upper troposphere, the longer lifetimes and 
higher wind speeds greatly expand their 
range of influence. Transport of these com- 
po&ds out of the PBL &to the free tropo- 
sphere (mid- and upper troposphere), how- 
ever, is generally slow, because the atmo- 
sphere is subject to large vertical permrba- 
tions only under special circumsta&es. 

Even at mixing ratios as low as 10 parts 
per trillion (ppt) by volume, NO and NO2 
efficiently catalyze the photooxidation of 
nonmethane hydrocarbon (NMHCs) and 
CO to produce 0 3 .  The lifetimes of nitro- 
gen species are particularly affected by alti- 
tude, and efficient transport of PBL air 
containing NO and NOz to the upper tro- 
posphere could produce large amounts of 
01 (3'). - \ ,  

The vertical transport of pollutants is fre- 
quently represented mathematically by a 
process called eddy diffusion (4). This can be 
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Fig. 2. (a) Schematic drawing based on balloon soundings and radar, 
satellite, and in situ obsen~ations. The heavy dashed line indicates the altitude 
of the cloud in its mature stage, 2 hours before the aircraft were in the area. 
The outflow was toward the southeast, to the right and out of the plane of 
the page. The broad arrows show the deduced air motions including the 
inflow and upward transport of moist, polluted boundary-layer air, and the 
downdraft of cold, upper-tropospheric air. The fight tracks indicate altitude 
and longitude of the three aircraft. Each whole feather on the wind arrows 
represents 5 dsec ;  a flag represents 25 dsec .  Grab samples for hydrocarbon 
analysis were taken at the points marked with the letters A to D. (b) Contour 
plot of CO concentration in parts per billion on 15 June 1985. The response 
time of the instrument is -60 seconds. The heavy line shows the location of 
the cumulonimbus. Dark shading indicates high CO and light shading 
indicates low CO. The dashed contour lines are plotted according to 
clunatology (U.S. Standard Atmosphere, 1976), since no dlrect measure- 
ments were made in that area. Table 1 shows examples of data used. (c) Same 
as (b) but for O3 in parts per billion. Data were filtered at 60 seconds. 
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Table 1. Data and variability observed on constant altitude legs in and around the thunderstorm; 
measurements made on ascents and descents are not shown. Aircraft are S, Sabreliner; K, King Air; and 
Q, Queen Ar .  Mean (31, standard deviation (u), and number of samples (n) are shown for chemical 
data. Each CO and O3 sample is a 1.0-minute average; each NO, NO,, and NO, sample is a 10-second 

Fig. 3. Reactive nitrogen compounds measured 
in and around the dissipating thunderstorm. NO, 
circles; NO,, squares; and NO,, triangles; note 
the different scale for NO. Open symbols show 
measurements made out of the cloud; filled sym- 
bols show measurements made in the cloud; the 
half-filled symbol shows a measurement made in 
the transition region as the aircraft exited the 
cloud. Bars represent the total range. The instru- 
ment output was filtered at 10 seconds, and the 
sampling time for each point was -150 seconds. 
See Table 1. Some points are displaced slightly in 
the vertical for clarity. 

envisioned as a gradual seeping process from 
regions of high concentration to low. Com- 
puter-based models of the atmosphere based 
on eddy diffision often use a constant diffi- 
sion coefficient, I(,, which corresponds to a 
few months' time for mixing from the sur- 
face to 10 km. NO and NO2 have chemical 
lifetimes much shorter than this mixing 
time, and models using K, theory predict 
little or no transport of NO and NO2 from 
the PBL to the upper troposphere (5). 

Deep convection such as occurs during 
thunderstorms may be an important factor 
in the chemical composition of the atmo- 
sphere (5). In a thunderstorm, the transport 
time for air going from the PBL to 10 km is 
a matter of hours, not months. Cloud con- 
vection as a means of vertical transport is 
incompletely understood, although it is a 
key mechanism of circulation within the 
troposphere. For example, mixing of envi- 
ronmental air into clouds (entrainment) is 
known to restrict the growth of cumuli, yet 
knowledge of entrainment dynamics is still 

Alti- Air- Tempera- Dew 
ture point - co ( P P ~ )  - 0 3  ( P P ~ )  tude craft $4 ("C) ("C) x u n x u n 

limited because suitable tracers of air motion 
have not been identified (6). Fair weather 
cumulus clouds with tops gt'2 to 3 km have 
been observed to transport air with high 
concentrations of 0? out of the PBL 17). 

\ ,  

When unusually high concentrations of pol- 
lutants were detected in the free tropo- 
sphere, deep convection was suggested as 
the most likely source (8). In this report, we 
present a direct observation of convective 
transport of photochemically active trace 
gases in a c ~ u l o n i m b u s ,  and we paint a 
portrait of a thunderstorm by means of gas 
concentrations. 

Several research aircraft were outfitted 
with instruments to measure meteorological 
parameters and trace gases CO, 0 3 ,  
NMHCs, and reactive nitrogen compounds 
NO, and NO,. For this experiment, NO, is 
defined as the sum of NO, NO2, and PAN 
(peroxyacetyl nitrate, an organonitrogen 
compound characteristic of photochemical 
smog). NO, is the sum of NO,, HN03 ,  
H 0 2 N 0 2 ,  N205, and NO3-. To reach the 
outflow region of a thunderstorm (the an- 
vil), a high-flying aircraft is required. For 
high-altitude work, a Sabreliner-a twin- 
engine jet operated by the National Center 
for Atmos~heric Research (NCARkwas  
used. This aircraft is capable of reaching an 
altitude of 11 km carrying a full complement 
of air sensors. For the midtroposphere and 
PBL, two propeller-driven aircraft-the Na- 
tional Oceanic and Atmospheric Adminis- 
tration (NOAA) King Air and Brookhaven 
National Laboratoy (BNL) Queen Air- 
were used (9). 

The flights were conducted in collabora- 
tion with the N O M N S F  (National Sci- 
ence Foundation) PRE-STORM project, 
which supplied radar and satellite data, bal- 
loon soundings, and standard meteorologi- 
cal measurements during May and June 
1985. 

We selected CO and, to a lesser extent, O3 
as primay tracers of air motion through 
clouds because they are sparingly soluble in 
water, rapidly detected, and have atmo- 
spheric residence times much longer than 
the lifetime of a thunderstorm. These gases 
generally have distinctive tropospheric alti- 
tude profiles. CO is produced primarily by 
ground sources and destroyed throughout 
the troposphere, and thus generally de- 
creases with altitude. In the clean atmo- 
sphere O3 is produced primarily in the 
stratosphere and destroyed at the earth's 
surface, and thus generally increases with 
altitude. In the polluted atmosphere, photo- 
chemical production often generates a local 
maximum of O3 in the PBL. Any deviation 
from environmental profiles of these gases 
within the cloud during the thunderstorm is 
presumed to be due to convection. 

Like CO, NMHCs are produced at the 
earth's surface, and anv NMHC's found 
high in the atmosphere have been transport- 
ed from the earth's surface (1, 9). Thus 
NMHCs, especially the more reactive spe- 
cies, can be used as tracers of atmospheric 
circulation. Unfortunately, the apparatus 
for analyzing NMHC is too large to carry 
on small aircraft; we therefore collected 
and later measured NMHCs from grab sam- 
ples taken at discrete points during the 
fights. 

Although only slightly soluble in water, 
the combination that makes up NO, is 
unsuitable as a tracer of air motion because 
of its high reactivity and because lightning 
produces NO. The photooxidation of CO 
and hydrocarbons in the troposphere can 
either produce or destroy 03, however, de- 
pending on the NO, catalyst concentration 
(3) .  If CO and O3 tracers show convection 
to be a significant mechanism of transport to 
the upper troposphere, detection of signifi- 
cant amounts of NO, in the cloud outflow 
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average. Instrument noise contributes to the standard deviation of the signal as follows: CO, <6 ppb; 
O,, <1  ppb; NO, NO,, NO, <0.02 ppb. The temperature and dew point temperature are 
representative values. 

NO (PPb) NOx (PPb) NO, (PPb) In or 
out of - - - 

x cr n x cr n x cr n cloud 

0.57 (0.13) 14 3.12 (0.74) 13 In 
0.57 10.18) 11 Out 

\ ,  

0.28 (0.15) 13 4.15 (1.40) 15 In 
0.18 (0.15) 13 0.91 (0.35) 14 0.88 (0.14) 15 In 
0.11 (0.08) 7 0.96 (0.31) 15 2.11 (0.33) 29 In 

Out 
0.04 (0.07) 15 1.38 (0.20) 30 Out 

0.78 (0.09) 15 Out 
0.17 (0.16) 60 1.18 (0.19) 60 Out 

1.17 (0.28) 184 Out 
2.11 (0.58) 157 Out 

0.10 (0.11) 17 2.19 (0.54) 50 Out 
0.06 (.01) 13 1.14 (0.17) 30 3.15 (0.20) 28 Out 

indicates that convection can be important 
for O3 formation in the free troposphere. 

The thunderstorm selected for these stud- 
ies began to develop late on the night of 14 
June 1985, when a large mass of cold, dry 
air moved south over warm moist air from 
the Gulf of Mexico. The result was an 
intense band of thunderstorms stretching 
from Amarillo to Chicago (Fig. 1). 

At dawn on 15 June, the aircraft flew 
toward the expected inflow and oudow 
regions (Fig. 2a) of a cumulonimbus located 
near the Oklahoma-Arkansas border. As the 
Sabreliner climbed in clear air, the mixing 
ratio of CO fell smoothly (Fig. 2b and Table 
1) until the aircraft penetrated the anvil at 
10 km. Within seconds the CO level rose 
sharply. Soon it more than doubled, reach- 
ing concentrations rarely observed at this 
altitude (1, 10). The concentration of CO 
within the cloud was higher than that of CO " 
in the air outside the cloud at all altitudes 
sampled. The maximim CO level and the 
core of the oudow appeared to be at about 
10 km. 

Outside the cloud, O3 concentrations 
reached a local maximum of about 99 ppb in 
a thin layer at about 5 km and a local 
minimu& between 8 and 9 km (Fig. 2c); in 
the cloud, O3 reached a maximum of 98 
ppb. In the PBL, O3 was about 65 ppb and 
CO was about 214 ppb (Table l ) ,  typical of 
rural continental air and indicative of mod- 
erate photochemical smog (2). 

Four grab samples (Fig. 2a) were taken 
for NMHC analysis. Table 2 shows repre- 
sentative results. The measurements of NO, 
NO,, and NO, (Fig. 3 and Table 1) indicate 
fairly uniform concentrations in the PBL, 
with NO, comprising about one-third of 
the NO,. Concentrations in the cloud out- 
flow region are much higher and much 
more variable; NOz is the dominant NO, 
species. At intermediate altitudes in the 

cloud, ratios of NO, and NO, are interme- 
diate between values observed in the PBL 
and the anvil. 

The primary objective of this experiment 
was to test for ~olluted PBL air in the 
outflow region of a thunderstorm. The high 
levels of CO and NMHCs described prove 
that the cloud anvil contained air that origi- 
nated in the lower troposphere and confirm 
the hypothesis (5) that convective processes 
can be important in the vertical transport of 
pollutants. 

Previous measurements of NO, and NO, 
in the PBL are few, and, as far as we know, 
there have been no uneauivocal measure- 
ments of N O ,  in the mid- and upper tropo- 
sphere reported. The levels we observed in 
the PBL (Fig. 3) were similar to the few 
previously reported values for rural areas (2, 
9). At an altitude of 10 krn outside the 
cloud, the measured NO, value of about 0.6 
ppb was in the range of concentrations 
predicted by computer models (2, 9) .  In the 
anvil, however, the observed concentrations 
of NO, NO,, and NO, were well above the 
values expected for the unperturbed upper 
troposphere (2, 9). 

Two sources can be identified for the high 
concentrations of NO, observed in the 
cloud. First, NO, is carried aloft in the 
updraft of the thunderstorm just as CO and 
NMHCs are; however, the air in the PBL 
was not heavily polluted on the day of the 
thunderstorm, and transport would have 
contributed a maximum of roughly 1 ppb 
out of the measured 4 ppb NO,. Second, 
lightning produces NO, (2); since this 
storm generated many cloud-to-ground 
strokes ( l l ) ,  lightning appears to be the 
principal source of NO, in the upper cloud. 

The wet updraft of the thunderstorm 
would be expected not only to carry NO, 
aloft, but to remove soluble NO, species 
such as H N 0 3  and NO3- from the air as 

well. The high ratios of NO, to N O ,  ob- 
served between 7.6 and 10.6 km support 
this idea. The injection of fresh NO, by 
lightning may also be used to explain these 
ratios. At least 1 day is required to convert 
NO, to other NO, species. 

The downdraft of the thunderstorm (Fig. 
2a) can be identified from the trace gas 
concentrations. There is a local minimum in 
CO, 0 3 ,  reactive nitrogen compounds, and 
humidity at about 2 km where the vertical 
air motion in this region was about -1 mi 
sec (down). At higher altitudes the aircraft 
apparently flew south of the downdraft. As 
we expect, the downdraft carries clean, dry 
air from aloft to the lower troposphere. The 
apparent origin of the downdraft air at an 
altitude of 7 to 10 km is higher than was 
previously observed (12). Downdrafts, un- 
like updrafts, often travel long horizontal 
distances relative to the size of the cloud, 
and the possibility that the downdraft origi- 
nated in the midtroposphere some distance 
to the northwest of the storm is currently 
being examined. 

The amount of entrainment can be esti- 
mated from a comparison of the concentra- 
tion of CO in the cloud relative to that 
outside the cloud. If we assume that the 
anvil was composed of air parcels that start- 
ed in the PBL and were diluted with upper 
tropospheric air containing 100 ppb CO, 
then the anvil was composed of about 64% 
PBL air and 36% upper tropospheric air. 
This entrainment is clearly discernible with 
our chemical tracer technique but is below 
the detection limit of more conventional 
thermodynamic tracers (equivalent potential 
temperature and total water content). 

Ozone also reaches a local maximum in 
the anvil. The O3 source might have been 
the layer of high O3 concentration at 5 km, 
or, more likely, entrainment of environmen- 
tal air into the cloud top. When the thunder- 
storm reached the tropopause (the dividing 
line between the troposphere and strato- 
sphere) at 14 km, some mixing with 03- 
rich, stratospheric air should be expected 
(6). We can approximate the mean entrain- 
ment into the cloud top by assuming that 
the cloud was formed from PBL air contain- 
ing 65 ppb 03. If the concentration of o3 
were -500 ppb at 14 km (Fig. 2c), then an 
entrainment of 4% would produce the mean 
O3 concentration (8 1 ppb) . Electrical coro- 
na also produces 0 3 ,  but the rate of O3 
production by cloud electrical activity is 
highly uncertain. 

The local O3 minimum outside the cloud 
at -8 km is surprising: ordinarily O3 in- 
creases with altitude in the troposphere. A 
back trajectory at the 250-mbar level shows 
that the air had traversed the sparsely popu- 
lated northwestern United States. In the 
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Table 2. Observed and calculated nonmethane hydrocarbon concentrations in parts per billion by volume. The uncertain in these measurements is about 
10% for concentrations above 0.1 ppb as carbon. The lifetimes are calculated for the PBL on the basis of O3 and O H  being x e  only sinks. O H  concentrations 
were taken from Cmtzen and Gidel (10) and kinetic information from the most recent evaluation by the Jet Propulsion Laboratory (13). The upper 
tropospheric calculations are based on a typical eddy-diffusion rate of mixing, that is, 10 rn2/sec for K, (5 ) .  

Mixing ratios (ppb) 
Hydro- Life- 

carbon time Observed at Calculated at 
(days) 

PBL 7.6 km 10.6 km 7.6 km 10.6 km 

n-Pentane 1.5 0.24 0.16 0.21 1.4 x 3.6 X 
n-Hexane 1 .O 7.0 X lo-' 7.0 X lo-* 3.0 X 6.2 x 1.2 x 
Ethylene 0.6 0.45 0.34 0.11 3.4 x LO-6 3.0 x lo-' 
Propylene 0.2 0.18 0.12 7.0 X lo-' 3.4 x lo-" 4.0 x 10-13 
Benzene 4.8 0.16 0.14 5.0 X lo-' 2.1 x lo-3 9.8 X 
Toluene 0.9 0.14 0.37 2.0 x lo-' 8.5 x 1.5 x 

very clean troposphere, photochemical pro- 
cesses consume O3 and CO; if the origin of 
the air at 8 krn were the lower troposphere 
over the northwestern United States or 
northern Pacific Ocean (convection was 
prevalent along the trajectory), then such 
concentrations are reasonable (2, 9, 10). 

A second objective of this experiment was 
to determine whether conventional one-di- 
mensional atmospheric models could ade- 
quately predict the concentrations of trace 
gases that we observed in the upper tropo- 
sphere. The lifetimes of one class of trace 
gas, NMHCs, calculated with respect to O H  
&d O1 attack. varv from several months for 

, , 
slowly reacting compounds such as ethane 
and acetylene to several hours for faster 
reacting propylene (2,13). Yet, we observed 
both long-lived and short-lived NMHCs in 
the upper troposphere. If the transport time 
from the surface to the upper troposphere 
were as long as is assumed in most one- 
dimensional atmospheric models, the mix- 
ing ratios of the short-lived NMHCs would 
be-several orders of magnitude lower than 
those observed. 

Specifically, our NMHC data (Table 2) 
show that transDort models based on slow 
eddy diffusion cannot adequately explain the 
mixing ratios of the short-lived NMHCs 
measured at 7.6 and 10.6 km. The one- 
dimensional model we tested uses the stan- 
dard eddy-diffusion transport scaled to de- 
scribe average vertical transport in the tro- 
posphere and includes the major chemical 
loss mechanisms for hydrocarbons, that is, 
O H  and O3 attack. It is based on the same 
principles as many models described in the 
literature (5 ) .  

Our results support the hypothesis that 
anthropogenic emissions of NO, and 
NMHC, which react in the presence of 
sunlight to form 0 3 ,  can increase tropo- 
spheric O3 on a large scale. Such an increase 
would have a major impact on global tropo- 
spheric chemistry and aggravate the global 
warming from other atmospheric trace gases 
such as C 0 2  (2). On the other hand, the 

same convective process that transports 
NO, and NMHCs to the upper troposphere 
may also transport and dilute anthropogenic 
NO, and SOz, lessening the amount of man- 
made acid deposited locally. We therefore 
suggest that convective processes must be 
considered in models of tropospheric photo- 
chemistry and acid deposition. 

The storm used in our smdy was too large 
to circumnavigate. By selecting smaller, sin- 
gle-celled storms and flying closed patterns 
at numerous altitudes around the cloud, 
researchers will be able to construct a three- 
dimensional, chemical, and dynamic picture 
of the cloud environment. The updraft of a 
deep cloud is dangerous to enter because of 
icing and hail. Smaller clouds, especially at 
altitudes above or well below the freezing 
level, can be penetrated safely. Ideally, a 
high-flying airplane with deicing capabilities 
could be used in conjunction with current 
radar information. 

Cloud physicists have expended consider- 
able effort in investigating the exchange of 
air between clouds and the air that sur- 
rounds them (entrainment or detrainment). 
Most of these investigations have used ther- 
modynamic techniques to quantify the 
amount and sources of entrainment (6). The 
thermodynamic techniques require the mea- 
surement of temperature, pressure, and wa- 
ter content (both liquid and vapor) in and 
near the clouds. The comparatively small 
difference in thermodynamic properties be- 
tween a cloud and the surrounding air dic- 
tates that the thermodynamic variables be 
measured very accurately. We suggest that 
trace gases can provide a useful tool for 
visualizing entrainment in convective sys- 
tems, and will prove to be increasingly use- 
ful in future studies of cloud dynamics. 

- - ~ - 
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Validity Tests of the Mixing-Length Theory of is the superadiabatic gradient, which is a 
measure of how far the stratification is away Deep Convection from static stability, and p is the pressure. 
Note that the symbol = in the above equa- 

KWING L. CHAN AND SABATINO SOFIA tions absorbs factors of order unity which 
would not alter the fundamental scaling 

The construction of solar or stellar models is hindered by the difFiculty of computing, 
with sufficient accuracy, the convective fluxes in unstable regions. Although the 
mixing-length theory of convection has been used for more than three decades, its 
validity has neither been tested by experiment nor verified by computation. This report 
presents the results of a three-dimensional numerical simulation of deep and efficient 
convection that support two conclusions: (i) the basic picture proposed by the mixing- 
length theory is physically valid-the vertical correlation of the motion of fluid 
elements is proportional to the pressure scale height; and (ii) some dynamical variables, 
including the convective flux, can be approximately computed from the structure of the 
stratification with mixing-length approximations. 

u 

relations. The choice of C is a serious uncer- 
tainty of MLT. The usual assumption is that 
C = a H ,  where a,  the mixing-length ratio, 
is a constant of order unity; however, some 
investigators prefer to use the density scale 
height instead o f H  as the scale length (8,9). 

To assess the validity of the mixing-length 
theory and its assumptions, we solve the 
Navier Stokes equations for an ideal com- 
pressible gas to simulate deep and efficient 

T HE MIXING-LENGTH THEORY 

(MLT) of convection (1, 2) is at 
present the only practical approach 

for calculating convective fluxes in highly 
stratified co~lvection zones. MLT is widely 
applied in many areas of astrophysical and 
geophysical fluid dynamics (3, 4, 5); in 
particular, a major part of solar and stellar 
theov depends on its validity. Despite this 
extensive use, the validity of MLT has re- 
mained controversial because it drastically 
simplifies the complex phenomenon of tur- 
bulent flow in a stratified compressible me- 
dium (6). Like any approximation, MLT 
will be inadequate to describe some features 
of the flow but possibly adequate for de- 
scribing others. Thus, it would be useful to 
establish the domain of validity for the 
theov. Whereas many studies (for example, 
simulatio~l of the solar granules or computa- 
tion of the pulsation-convection coupling) 
require detailed dynamical information that 
cannot be provided by MLT, other studies, 
such as stellar evolution, depend primarily 
on global flux information. A likely area of 
success for MLT is therefore the flux com- 
putation. We report results of numerical 
simulations that support the validity of two 
key elements of MLT, namely, the mixing- 
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convection. The domain of computation is a 
length concept itself, and the determination rectangular box having width 1.5 times the 
of the local dynamical variables that are depth. The sides have periodic boundary 
essential to the flux calculation. conditions, and the to; and bottom are 

The average heat (enthalpy) flux, F, car- impenetrable and stress-free. A co~lstant en- 
ried by the convective motions in an effi- ergy flux is supplied at the bottom, and the 
ciently convecting layer is given by value of entropy is fixed at the top. The 

F = pCpC(Vz,AT)V'T' initial distribution is polytropic (the tem- 
( I )  perature gradient is uniform, and the density 

where p is the density, Cp is the specific heat is a power function of the temperature) and 
for constant pressure, and C(V~&T) is the slightly superadiabatic. For the computa- 
correlation between the vertical velocity Vz  tion, we use units that make the density, 
and the temperature fluctuation AT, whose pressure, and temperature at the top, and 
root-mean-square values are V' and T', re- the total d e ~ t h ,  ail eclual to 1.  he-initial 

A ,  

spectively. MLT assumes that the convective state is perturbed by a weak velocity field in 
heat transfer is performed by "bubbles" as- the form of a few regular cells. An implicit 

Fig. 1. Longitudinal 
correlation A of vertical 
velocities plotted against 
the logarithmic pressure 
In p for the different nu- 
merical cases. (+) case a; 
(*) case b; (0) case c; 
(A) case d, which has a 
different value of y from 
the other three cases. 
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